Formycin was originally isolated as an antitumor antibiotic from the culture filtrates of Nocardia interforma1) and identified as 7-amino-3-/3-D-ribofuranosyl-lH-pyrazolo- [4, 3d] pyrimidine2-7). This antibiotic, having been also found in cultured broth of Streptomyces lavendulae8) or S. gummaensis9), is one of microbial products which contain an unusual C-riboside linkage in their molecules. The other natural C-riboside products of microorganisms are formycin There have been several investigations on the biosynthesis of these C-ribonucleosides. It was confirmed that pseudouridine and its 5'-nucleotide seem likely to occur by either uridinepseudouridine interconversion through an intramolecular rearrangement in tRNA83, enzymatic condensation by pseudouridylate synthetase of uracil and ribose 5-phosphate14,15) or the formation of 1, 5-diribosyl-uracil34). The accumulation of pseudouridine at a high concentration in culture filtrates of Streptoverticillium ladakanus, in which the activity of the synthetase was not detectable, was also reported, indicating that the physiological role of the synthetase is to act as a degradative enzyme to hydrolyze pseudouridine to uracil and ribose13). This estimation is in agreement with the hypothesis which has been proposed from the experi-mental results with pyrimidine auxotrophs of Escherichia coli35). On the biosynthesis of showdomycin, the maleimide C-riboside antibiotic, it has been shown that C-2, C-3, C-4 and C-5 of 2-oxoglutarate serve as the precursor for C-2, C-3, C-4 and C-5 of the maleimide ring, respectively, and the ring, thus formed, will condense as an asymmetrical unit with D-ribose to form showdomycin36-38). These findings were the first case of the biosynthesis of a nucleoside antibiotic in which purine or pyrimidine nucleosides and/or nucleotides are not the precursors. Although the biosynthesis of pyrazomycin, a pyrazol derivative of the C-riboside antibiotic, still remained to be studied, it has been proposed that biosynthesis by N. interforma takes place via the following pathway: formycin B monophosphate->formycin monophosphate-> formycin->formycin B->oxoformycin B12) and it was suggested that none of free adenine, adenosine, adenylic acid or RNA-adenine is a direct precursor for the formycin family while ribose added exogenously is estimated to incorporate into the ribosyl moiety of formycin39). It is very interesting that the biosynthesis of showdomycin and formycin seem not to be related to purine or pyrimidine biosynthesis.
The present paper concerns the biosynthesis of formycin of Streptomyces sp. MA406-A-1 with special respect to the incorporation of carbon molecule of lysine into formycin moiety.
Materials and Methods
Organisms Streptomyces sp. MA406-A-1, a formycin-producing strain, and X. oryzae were obtained from the Institute of Microbial Chemistry, Tokyo.
Media MPY-medium (organic medium): maltose, 3 %; Polypeptone, 3 %; yeast extract, 1% NaCl, 0.5 %; KC1 0.05 %; MgSO4.7H2O, 0.05 %; ZnSO4.7H2O, 0.001 % and M/15 phosphate buffer (pH 7), 10 %. Before addition of the buffer, the mixture was neutralized with 2 N NaOH, then the buffer was added, followed by sterilization at 120°C for 20 minutes.
GA-medium (chemically defined medium) : glucose, 3 %; ammonium citrate, 1 00; NaCl, 0.5 %; KCI, 0.05 %; MgSO4.7H2O, 0.05 % ; ZnSO4.7H2O, 0.001 % and m/15 phosphate buffer (pH 7), 10 %. Adjustment of pH and sterilization were carried out by the same methods as MPY-medium.
GL-medium (medium for replacement culture); glucose, 10 mm; lysine, 10 mm; NH,CI, 20 mm; MgSO4.7H2O. 1 mm and phosphate buffer (pH 7.0), 0.1 M. This medium was used in replacement culture without sterilization.
Cultivation The experiments with MPY-medium employed a seed culture prepared by 2 days' shaking at 27°C in the same medium. A 1-ml aliquot was inoculated into each SAKAGUCxt-flask (500-ml volume) containing 50 ml of medium and the cultivation was carried out at 27°C under reciprocal shaking (125 s.p.m.; 5.5 cm).
In the experiments with GA-medium, a seed culture was prepared by 2 days' shaking at 27°C with the modified GA-medium (GA-medium plus yeast extract, 0.2 %) and the inoculation and cultivation (5 days) were carried out by the same methods as the experiments with MPY-medium. In the experiments with replacement culture, cells were harvested and washed three times with m/15 phosphate buffer (pH 7.0) by centrifugation (5°C; 8,000 r.p.m; 3 min.) and the cell-density in GL-medium was adjusted to a definite value corresponding to 0.5 of optical density at 590 mg. Optical density was measured after 1/20 dilution. The replacement culture was performed at 27°C for 9 hours with vigorous shaking in an ERLENMEYER flask (500-ml volume) or a test tube (50-ml volume) containing 50 ml or 5 ml of GL-medium, respectively. When addition of amino acid was made, the final concentration of each amino acid in the GL-medium was adjusted to 10-2M. Determination Formycin was determined by a cylinder-plate method with X. oryzae as a test organism. Specific radioactivity of formycin, adenosine, guanosine or inosine was calculated by the following method. After the supernatant of replacement culture was acidified to pH 2 with conc. HCl it was mixed with active carbon and allowed to stand for several hours at room temperature. The active carbon was collected on the glass-filter, washed first with dil. HCl (pH 2) and then with water. Elution was made with 20 % ethanol in 2 N NH,OH, followed by evaporation to dryness at 40°C under vacuum. After the residue was dissolved in 25 mm NH4C1 (adjusted to pH 10.5 with conc. NH,OH), it was applied to a column of Dowex-1 x 4 (200400 mesh; 7 mm X 50 cm) in the chloride form. The elution was made at 50°C with 1 mm HCl in 25 mm NH,CI and the eluate was cut into each 10 ml. The optical densities in eluate at 230, 260 and 280 mp were continuously recorded using a Hitachi UV-VIS Effluent Monitor Model-034. Radioactivities in the cluted fractions were measured in liquid scientillator of toluene solution consisting of 0.3 % (w/v) of 2, 5-diphenyloxazol, 0.0023 % (w/v) of 1, 4-bis [2-(5-phenyloxazolyl)]-benzene and 25 °o (v/v) of Triton-X. The specific radioactivity was determined from the radioactivity and the concentration of formycin or purine nucleosides calculated from the optical density in the eluate.
Reagent The reagents used for liquid scintillator were purchased from Wako Pure Chemical Co., Ltd. and 14C-labeled compounds were from Daiichi Chemical Co., Ltd. All amino acids employed in the experiments are of L-form unless otherwise specified.
Results

Effect of Amino Acids on Production of Formycin
As shown in Fig. 1 , formycin accumulated to the concentration of about 60 ug/ml after 48 hours in MPY-medium and the accumulation occurred at an interval of late logarithmic to stationary phase of growth. Although MPYmedium is an organic medium, preliminary experiments were made to assess whether Polypeptone or yeast extract in the medium is responsible for production of formycin. It was found that formycin was produced in shown in Table 1 . Since it was found, however, that these amino acids show their stimulative activity for both production of formycin and growth of the organism, it seemed required for the estimation of precursor(s) to repeat these experiments under conditions such as replacement culture where cell-growth does not take place but formycin is still produced. From the results shown in Fig. 1 , the cells prepared from MPY-medium after incubation for 1518 hours were estimated to be able to produce formycin even in a replacement culture. It was found, however, that cells obtained after 15 to 18 hours of incubation produce a small amount (1015 ug/ml) of formycin, whereas cells from 10 to 12 hours of incubation produce an increased amount (3540 feg/ml) of the antibiotic under the conditions described in Materials and Methods. Throughout the experiments with replacement culture, therefore, the washed cells were prepared after 10-12 hours of incubation in MPY-medium. As shown in Table 2 , it is very interesting that lysine, just as in GA-medium (Table 1) , stimulates actively the production of formycin in replacement culture and that aspartate, asparagine, glutamate or glutamine are also stimulative to some extent. When, however, aspartate, asparagine, glutamate or glutamine was added with lysine to the medium, formycin production was not stimulated additively suggesting that lysine may act independently in some On the differences of the stimulative actions of certain amino acids between growing culture (GA-medium) and replacement culture, the details still remain to be studied. Table 3 show that, except for D-lysine, the substances which have been estimated to be closely related to lysine metabolism in micro-organisms cannot act in the place of L-lysine.
Results in
Isolation and Identification of Formycin from Replacement Culture
To assess the possibility that antibiotic(s)
other than formycin is produced in replacement culture with the presence of lysine, the compound(s) which is active against X. oryzae should be isolated for identification. From culture filtrates of replacement culture, the antibiotic which is active against X. oryzae was isolated by the following procedure; treatment with active carbon, separation by column chromatography of Dowex-1 and Dowex-50, and repeated crystallization from water to obtain crystals (needle, colorless). The crystalline antibiotic, thus obtained, was identified as formycin on the basis of its identical characteristics with authentic formycin in melting point, NMR spectrum, IR and ultraviolet absorption, and fragmentation pattern in mass-spectrometry. It was also confirmed that neither formycin B nor any other antibiotic than formycin is accumulated in the culture filtrates of replacement culture.
Incorporation of Radioactivity into Formycin Moiety from 14C-Labeled Amino Acids in Replacement Culture
Carbon sources of the medium for replacement culture are glucose and lysine and it was reasonable to examine the relative ratio of incorporation of radioactivity into the formycin molecule from 14C-U-lysine and 14C-U-glucose. As shown in Table 4 , they incorporated efficiently into formycin molecule but not efficiently into the molecule of adenosine, guanosine or inosine which is accumulated in the filtrates of replacement culture.
These results suggest that de novo biosynthesis of formycin occurred during replacement culture while net synthesis of purine nucleosides did not and indicated the different mechanism of biosynthesis of formycin from those of normal purine nucleosides. It was also found that the incorporation of carbon atom from lysine into RNA and DNA extracted from the cells after the replacement culture was not detected, indicating that these nucleic acids may not be involved in the biosynthetic pathway of formycin.
Since total specific activity of carbon molecule in formycin was 63 % (total % of specific activity of carbon molecule in formycin arising from 14C-U-glucose and 14C-U-lysine), it was estimated that one third of the formycin accumulated should be produced via endogenous formation and, indeed, this endogenous formation was confirmed quantitatively in the medium from which glucose, lysine and NH4Cl
were omitted ( Table 2) .
As aspartate or asparagine, and glutamate or glutamine give also stimulus to production of formycin (Table 2) , ratio of incorporation of radioactivities into formycin molecule from these 14C-labeled amino acids were examined and results are shown in Table 5 .
It is worth noting that carbon atom in glutamate and aspartate as well as lysine incorporated more efficiently into formycin than glycine which has been confirmed as a precursor of C-4 and C-5 of purine ring. It was also found that the ratio of the incorporation of lysine into formycin is not significantly affected by the addition of glutamine, aspartate or glycine indicating that lysine is closely related to the biosynthesis of formycin. Specific radioactivity of C-atom in formycin or nucleosides x ?o Specific radioactivity= Specific radioactivity of C-atom in labeled compound x 100 ** In the column chromatography (see Materials and Methods), both guanosine and inosine are eluted into the same fraction.
On the basis of similarity of molar extinction coefficients of these nucleosides at 250 m1€, the molar concentration was calculated tentatively using the coefficient of guanosine.
*** Since accumulation of adenosine was not detectable , the calculation was impossible. * Where indicated , glycine, glutamine, glutamate or aspartate was added to GL-medium at a concentration of 10-2M. ** Specific radioactivity was calculated as described in Table 4 . *** Concentration of guanosine and inosine was calculated as described in Table  4 . **** Since accumulation of adenosine was not detectable , the calculation was impossible.
Discussion
On the biosynthesis of formycin in N. interforma, it has been reported that formycin may be formed from formycin 5'-monophosphate which is an aminated product of formycin B 5'-monophosphate12) and that the major part of biosynthesis of the pyrazolopyrimidine ring in the formycin molecule does not seem to be related to purine biosynthesis39). However, the major part of the mechanism of formycin formation has remained obscure.
According to the data described in this paper, however, lysine seems to act an important role in biosynthesis of formycin in Streptomyces sp. MA406-A-1. It was also found that carbon molecules from aspartate and glutamate incorporated efficiently into formycin without affecting the ratio of lysine incorporation. Therefore, it can be estimated that formycin is formed via a novel pathway which is closely related to metabolism of these amino acids.
